Seismic attenuation is an important attribute for reservoir characterization. We propose a new method to estimate the Q-factor in pre-stack seismic data. This method is derived from the centroid frequency formula for the zero-offset and nonzero-offset amplitude spectrum. Through minimizing the misfit of centroid frequency of the nonzero-offset response compensated by Q model parameters and the centroid frequency at zero-offset, we can obtain the optimized Q-factor. This scheme doesn't use the reference signal or define source shape, so it is more versatile than the spectrum ratio method and frequency shift method. Synthetic models and real data demonstrate that the proposed scheme is effective.
Introduction
Seismic attenuation is an important indicator for gas saturation or heavy oil viscosity. A number of methods are proposed to measure attenuation in VSP data, but only few in pre-stack seismic data. Dasgupta and Clark (1998) proposed the QVO method based on spectral ratio method. Then, Reine et al. (2012) extended the QVO to pre-stack Q-inversion (PSQI) method, which reduces the influence of interference. Although these methods are useful in pre-stack seismic data, they cannot overcome the influence of the reference signal and be sensitive to signal to noise ratio. Another popular Qestimation method is the frequency shift method (Quan and Harris 1997) . This method utilizes the centroid frequency to perform attenuation tomography without considering a reference signal and the inverted results are stablished for noisy signal. But they need assume the source spectrum has a Gaussian, boxcar, or triangular shape. In this paper, we propose a new method to estimate attenuation in pre-stack seismic data without selecting a reference signal and without assuming the source spectrum shape. Based on the expression of centroid frequency, we derive an analytical relation between nonzero-offset, zero-offset amplitude and Q-factor. According to the misfit of centroid frequency of zero-offset and compensated nonzerooffset, the optimal Q can be obtained by grid search algorithm. Synthetic models and a real data test indicate that the proposed scheme is effective.
Method
We assume that the process of wave propagation is described by linear system theory (Quan and Harris 1997) . If the amplitude spectrum of an incident wave is S(f) and the instrument/medium response is G(f)H(f), then the received amplitude spectrum R(f) expressed as：
where the factor G(f) includes geometrical spreading and reflection/transmission coefficients, and H(f) describes the attenuation effect on the amplitude,
, where * t is the attenuation operator (Romero et al. 1997) , representing the attenuation integral along the raypath. Analogous to RMS-velocity, if the straight ray-path approximation are considered, the effective attenuation operator can be defined as,
, where  0 t is the normal-incidence attenuation operator, x is offset, v is RMS velocity. Since a straight ray-path approximation is assumed, the computed Q is not the real interval Q-factor, and can be defined as the RMS Q factor value (Zhang and Ulrych 2002) . If we suppose the geometrical spreading and instrument response is independent of frequency, the amplitude spectrum of the i th receiver can be expressed as
where i=0,1,2,…n is the index of receiver in CMP gather. Then we define
It is easy to know at the zero-offset, the amplitude spectrum is
Therefore, we can establish a relationship between zero-offset response and non-zero-offset response,
As we know, the centroid frequency can be defined as (Quan and Harris 1997) 
Considering the centroid frequency of
Therefore, the centroid frequency at zero-offset response is equal to the centroid frequency of nonzero-offset response compensated with ) exp(
. If we use Taylor extension to (2) and get the first order approximation,
Here, we establish the relation between centroid frequency of zero-offset, centroid frequency of zerooffset of nonzero-offset,  0 t and RMS Q-factor. If the amplitude spectrum at zero-offset and nonzerooffset are known, we can define the Q and * 0 t as model parameters, and then use the model parameters to compensate the nonzero-offset response. Through finding the minimum misfit for centroid frequency of zero-offset and centroid frequency of compensated data, the optimal Q-factor value can be searched. At last, in a manner similar to interval velocity analysis, we can determine the apparent interval Q-factor of the ith layer int i Q from the RMS values using a relation similar to the Dix formula
Example
To verify the capability of the proposed scheme, the synthetic CMP gather is used to estimate Q factors. We define a model where the interval Q-factors are 50, 70, 100, the interval velocities are 2000, 2400, 2800, and the interval depths are 800m, 990m, 1490m. The offset is from 0m to 1000m, with the 100m interval. The record time is 2s and the interval is 2ms.The synthetic CMP gather without noise is shown in Figure 1 . To estimate the interval Q-factor from the CMP gather, we assume that the arrival times for the main reflection events are known. Firstly, the amplitude spectra at the main reflection (Time is 0.727s, 0.886s, 1.2427s) on each offset trace are selected. Figure 2 displays the amplitude spectra at the main reflection which have been normalized based on their maximum amplitudes. It is observed that the amplitude spectrum is attenuated with  t increasing. Now,we can use equation (7) to estimate the Q-factors. Here, a grid search is employed to find the optimal result that minimizes the misfit between real data and modelled data. We define model parameters  0 t from 0 to 0.3 with the 0.01 step; Q is from 200 to 40 and the step is 0.01. Firstly, the Q model is considered to compensate the nonzero-offset amplitude spectrum at each offset. Then the centroid frequency of the compensated amplitude is calculated. If the misfit of this centroid frequency and centroid frequency at zero-offset is minimum, the Q is selected as the true value. After finding the result, the interval Q is inverted using equation (8). Figure 5 is the estimated interval Q result. The obtained Q value is close to the real one, which demonstrates that this method is effective. We also test the synthetic CMP gather with 10% noise. Figure 3 and Figure 4 , and the inverted results are shown in Figure 5 . We can observe that this method is stable even for noisy seismic data. In order to analyse the hydrocarbon in the reservoir, the proposed method is used in field seismic data to estimate Q-factor. The seismic data is migrated by PSDM and the CRP gathers are shown in Figure 6 . We will estimate the Q-factors between horizon 2 and horizon 3 (Figure 6 ). Through analysing the Q-factors obtained from VSP data, we select the model parameters as from 0 to 0.2; the step is 0.01; Q is from 200 to 40 and the step is 0.01. A grid search is used to estimate Q-factors over the reservoir. Figure 7 shows the 1/Q result. The estimated Q values are from 142.5 to 75.8. It is easy to see that there is a strong attenuation exists in well A,which indicates a hydrocarbon accumulation. This is proved by drilling information. All evdiences demonstrate that the new scheme is effective.
Conclusions
We propose a new method to estimate Q-factor in pre-stack seismic data. This method is derived from the centroid frequency of a zero-offset amplitude spectrum. Through minimizing the misfit of centroid frequency of nonzero-offset compensated by Q model parameters and the centroid frequency of zerooffset, we can obtain the optimized Q-factor through a grid search method. This scheme doesn't use the reference signal or define the source response, so that it is more effective than the spectrum ratio method and frequency shift method. Otherwise, this method is easy to extend to the presence of anisotropy. In the future, we will consider anisotropic attenuation by using this method. 
